Abstract-Eighteen
At 77 K, AE, is 0.624 mm s-' for pyrite and 0.508 mm s -' for marcasite.
In distinguishing pyrites from marcasites, spectra obtained at 77 K are not warranted. The Mdssbauer parameters of pyrite and marcasite exhibit appreciable variations, which bear no simple relationship to the geological environment in which they occur but appear to be selectively influenced by impurities, especially arsenic, in the pyrite lattice. Quantitative and qualitative determinations of pyrite/marcasite mechanical mixtures are straightforward at 298 K and 77 K but do require least-squares computer fittings and are limited to accuracies ranging from lt5 to 215 per cent by uncertainties in the parameter values of the pure phases. The methodology and results of this investigation are directlv aDDlicable to coals for which the Dresence and relative amounts of pyrite and marcasite could he of considerable genetic significance.
INTRODUCTION
THERE have been several reports of 57Fe Mossbauer investigations of pyrite as a synthetic compound (Vaughan and Drickamer, 1967; Nishihara and Ogawa, 1979) as a pure mineral (Temperley and Lefevre, 1966; Morice el ai., 1969) and as a component of assemblages of iron-containing phases in coals (Huffman and Huggins, 1978; Saporoschenko et at., 1980) . The Mossbauer parameters reported thus far have a spread in values (0.59 mm SC' cr AE, 5 0.65 mm s-') far greater than that of +O.Ol mm s-' expected for a pure, stoichiometric, Fe&, pyrite phase. Because the systematics of the Mossbauer parameters for well-defined pyrites from ore deposits have not been established at the present time, it is not clear whether this spread in values of the Miissbauer parameters is due to variations in composition, conditions of formation for natural samples, or differences in Miissbauer spectroscopic techniques. Very little is known about the systematics of the '7Fe Mossbauer parameters of the morphologically unique varieties of pyrite and marcasite found in coals (Boctor et al., 1976) .
Some investigations have demonstrated that both the morphology (Boctor et al., 1976; Sergeeva and Eremin, 1978) and chemical composition of pyrite and marcasite are dependent on the mode of formation, e.g., the occurrence of genetically related framboida1 and euhedral pyrite with high arsenic concentrations.
consequently, consideration must be given to the possibility that the above-mentioned spread in the 57Fe Mijssbauer parameters of pyrite results from (1) differences in texture, size, morphology, etc., which are characteristic of the process by which the pyrites were formed, (2) differences in chemical composition, or (3) different combinations of effects due to (I ) and (2).
A similar situation exists for marcasite as a synthetic and mineral phase, although less data are available, but in no "Fe Mossbauer investigation of coal has an unambiguous detection of marcasite been reported thus far despite numerous microscopic and X-ray diffraction determinations of marcasite in coals (Sergeeva and Eremin, 1978; King and Renton, 1980) . Therefore, a definitive body of Mossbauer parameters for pyrite and marcasite is needed before the systematics of the relationship between texture, composition and the Mossbauer spectrum can be established for pyrite and marcasite in coals. Furthermore, precise determinations of the Miissbauer parameters of pyrite and marcasite are critical in quantitative analysis of pyrite and marcasite Mossbauer spectra both among themselves and with those of other ironcontaining phases in coals, for example, illite and melanterite (Huffman and Huggins, 1978) . As pyrite and marcasite occur together in some coals, it is necessary to determine their relative concentrations for a complete characterization of the inorganic minerals in such coals. The relative proportions of pyrite and marcasite are also believed to be of considerable importance in questions relating to the genesis and paragenesis of coals. For example, the association of marcasite with framboidal pyrite in Seelyville Coal III is considered to be unique to framboids in coal and is sufficient to distinguish pyrite framboids in the Seelyville coal from sedimentary pyrite framboids which are not associated with marcasite (Boctor et al., 1976) . Further, even though it is generally believed that the majority of the pyrite in coal was formed during the coal deposition stage, it is also clear that some of the pyrite is detrital and that some of it is formed epigenetically (Minkin et ai., 1980) . Provided the Fe& phases are sufficiently sensitive to variations in composition arising from different depositional processes, the result of this investigation should be useful, at least, in assessing the importance of detrital pyrites in coal since detrital pyrites would have been derived from sources similar to those of the pyrites employed in this study.
In order to devise a quantitative "Fe Mossbauer spectroscopic technique for the analysis of pyrites and marcasites in coals, the range over which the Mbssbauer parameters might be expected to fall for naturally occurring samples from a variety of different environments must be determined, as there are likefy to be several morphologically and genetically distinct varieties of pyrite and marcasite in coals. Data from an early "Fe Mossbauer study of pyrites and marcasites of different provenance are too imprecise for comparisons with data of recent studies (Vaynshteyn et al.. 1967) . Therefore, 18 pyrite and 12 marcasite samples, many from well-known localities, have been investigated by means of "Fe Miissbauer spectroscopy. The Mossbauer spectra of Iaboratory-prepared, mechanical mixtures of selected marcasite and pyrite samples have also been obtained.
The spread in the electric quadrupole splitting among different samples of pyrite and marcasite has been found to be greater than the experimentai error by at least an order of magnitude. The ranges of values for the Mossbauer parameters of pyrite and marcasite do not, however, overlap and the ability to distinguish pyrite from marcasite by means of Mossbauer spectroscopy is unequivocal in the absence of interfering absorptions from other phases. The quantitative determinations of either mineral in a mixture of the two can be routinely performed with accuracies of t5 to &15 per cent. Preliminary indications are that the magnitude of the electric quadrupole splitting for pyrite is correlated with the arsenic concentration and has significant implications for coal petrologic studies.
These results may serve as norms in establishing whether the pyrite and marcasite in coal have crystalchemical structures different from those in ore deposits.
EXPERIMENTAL
Samples, which were obtained from a variety of sources, are listed in Tables 1 and 2 along with at 298 K for all spectra. The isomer shifts, 6, are reported relative to an iron metal absorber at 298 K.
Absorbers were prepared using two methods: for the comparative studies of pyrite and marcasite, absorbers were prepared by mixing 20 mg quantities of samples that had been finely ground under acetone with an acetone/Duco' cement solution to form a slurry and forming the slurry into a 12 mm circular disk on aluminized mylar foil. After permitting the slurry to dry, the absorber and mylar backing were encased in a sheath of transparent, plastic, adhesive tape. This procedure was adopted to avoid any changes in the samples that might accompany encapsulating the samples in thermosetting plastics. Absorbers of the marcasite/ pyrite mixtures were prepared by mixing the mineral powders with a thermosetting plastic and forming the mixtures into discs at 423 K and 4200 psi. This procedure was adopted in order to obtain a homogeneous dispersion of the two phases throughout the volume of the absorber. As ( Single crystal, cockscomb lines were constrained to have equal integrated intensities lected samples have confirmed that such is the case for the (areas) but the widths, Fi, and intensities, Zi, were not consamples reported on here. The spectra of the pyrite/marstrained to be separately equal. Thus, the constraint was casite mixtures were fitted according to a number of difsuch that ZiFi = Z,I', where i and j refer to the two comferent assumptions, which included a fit to (1) two indeponents of a quadrupole doublet. Previous investigations pendent lines, (2) a single, area-symmetric quadrupole have demonstrated the doublet, (3) the patterns of marcasite and pyrite with all absence of any asymmetry in the "Fe Mossbauer spectrum parameters, except the relative intensities, constrained to of oriented, single crystals of pyrite and no asymmetry is those of the pure phases, and (4) two, area-symmetric, expected in the spectra of polycrystalline samples. Unconquadrupole doublets with all parameters being free varistrained fits of two independent lines to the spectra of seables. Fits made under assumptions (3) and (4) (Table 2 ) at 298 K.
ically unreasonable parameters and our attention will be focused on the results obtained from fits made according to (1) and (2).
RESULTS
Typical spectra of pyrite and marcasite are shown in Figs. 1, 2, and 3. The spectrum of sample 13P in Figure 1 is an example of a good fit of a quadrupole doublet to a pyrite spectrum.
It is noteworthy that sample 13P was one of those having especially low levels of impurities (cjI Table 1 ). The spectrum of marcasite sample 5M is shown in Fig. 2 . The spectrum of a (tarnished) iridescent marcasite was also obtained before and after the removal of the surface oxidation products constituting the tarnish. A comparison of the two spectra showed such surface oxidation to have no detectable influence on the Mossbauer spectrum when obtained in transmission geometry.
The spectra of the different samples were quite similar in qualitative appearance except for sample 2P from Mine LaMotte, Missouri, which is shown (Table 1) . The widely split low-intensity component is tentatively attributed to FeSO, -HzO. The low velocity member of this quadrupole doublet is unresolved from the principal pyrite com~nent and is the cause of the apparent asymmetry in the more intense, pyrite spectrum.
in Fig. 3 . The presence of a non-pyritic, iron-containing phase is clearly demonstrated by the weak absorption near -+2.5 mm s-l, which is the positive component of a quadrupole doublet. The solid line in the spectrum is the result of fitting two quadrupole doublets to the spectrum.
The parameters for the more intense doublet, which accounts for 92 per cent of the total absorption, are listed in Table 3 and are  attributable to a pyrite that contains arsenic, vide infra. The second doublet has a ilEG of 2.54 mm s-' and a 6 of 1.38 mm SC' and accounts for the remaining 8 per cent of the total intensity of the spectrum. Although the more unusual Fe containing phases suggested by the X-ray diffraction analysis cannot be ruled out, these parameters are very similar to those of szomolnokote, FeSO,. Hz0 (Huffman and Huggins, 1978; Saporoschenko et al., 1980) . The results of fitting the spectra of the samples "Fe M&SBAUER
PARAMETERS
OF PYRITE 167 listed in Table 1 and 2 to quadrupole doublet patterns are given in Table 3 . The statistical parameters of the fits are also listed (Ruby, 1973) and are observed to be well within the reproducibility of the data as shown by the parameters of duplicate runs (entries lOP, 12P and 13P, respectively) and the consecutive entries 4M, 4M, respectively, and 5M, 5M, respectively. A comparison of Tables 1, 2 ' AE, is the quadrupole splitting and is the magnitude of the separation between the two absorption maxima. * d is the isomer shift and corresponds to the center-of-gravity of the two absorption maxima, measured relative to the center-of-gravity of an iron metal absorber. 3 I' is the linewidth which is the full width of the absorption line measured at half of the maximum intensity. 4 IL/I, is the ratio of the absorption amplitude of the lower velocity line, IL. to that of the higher velocity line, I,,. ' MISFIT (Ruby, 1973 ) is defined as:
where M is MISFIT; YC(I') is the calculated count at velocity i; YD(i) is the experimental count at velocity i; YO is the off-resonant count and N is the total number of data points. 6 Chi-squared, x2. is the usual goodness-of-fit criterion and is defined as: rite or marcasite but rather mixtures of the two and it is not obvious from these or other published spectra that mixtures of the two can be analyzed either qualitatively or quantitatively by means of Mossbauer spectroscopy.
Therefore, preliminary to the analysis of the spectra of laboratory-prepared mixtures of pyrite and marcasite, the spectra of 75:25, 50:50 and 25:75 molar ratio mixtures of pyrite sample IP and marcasite sample 11M have been simulated on the basis of the data in Table 3 (assuming equal recoilless fractions). As an example of these simulations, simulated spectra for a 50:50 molar ratio mixture are shown in Fig. 4 .
From the available heat capacity data (Gronvold and Westrum, 1976) Debye temperatures, BD, of 638°K and 615°K are calculated for pyrite and marcasite, respectively. Previous investigations have shown that for pyrite 0, derived from heat capacity data is in excellent agreement with that resulting from "Fe Mossbauer spectroscopic measurements (Nishihara and Ogawa, 1979) . The values of BD leads to recoilless fractions for pyrite and marcasite that differ by only a few per cent at 300°K. Therefore, the assumption of equal recoilless fractions for the spectra of the pyrite/marcasite mixtures introduces errors that are small compared to the precision of the data analysis and that would have no observable influence on the appearance of the simulated spectra.
Some features of the spectra in Fig. 4 are visually obvious. First, the spectra of mixtures of pyrite and marcasite at 298 K should be asymmetric quadrupole doublets with the low velocity line having the larger intensity and smaller line width. This general appearance is independent of whether pyrite or marcasite is the dominant phase. In addition, the apparent quadrupole splitting of a pyrite/marcasite mixture is less than that of the pure pyrite. The absence of any pronounced structure in the spectra is noteworthy and suggests that despite the ease of distinguishing single-phase pyrite from single-phase marcasite on the basis of their Mossbauer parameters, quantitative analyses of such mixtures by means of Mossbauer spectroscopy would require computer analysis of the data.
The qualitative conclusions based on the simulated spectra shown in Fig. 4 are verified by the spectra of mechanical mixtures of 12M and 18P for which the spectrum at 298 K for a 51:49 molar ratio pyrite:marcasite mixture is shown in Fig. 5 . The solid lines in Fig. 5a represent fits of a single area-symmetric quadrupole doublet and in 5b of two independent lines. The fits of two independent lines were employed to allow for the asymmetry in the spectra of the mixtures as the isomer shifts for pyrite and marcasite are not identical. The parameters of the fits of two, independent lines are presented in terms of quadrupole doublets for the sake of comparisons with the pure phases. Both fits are equally satisfactory and lead to the same parameter values within experimental error as shown in Table 4 . A comparison of the Mossbauer parameters and goodness-offits parameters for the two different fitting schemes is given in Table 5 .
Attempts to fit two quadrupole doublets, with parameters corresponding to those of pure pyrite and pure marcasite, with variable intensities, failed to give relative intensities which were in reasonable agreement with the known compositions of the mixtures. For the 298 K spectra, fits of two quadrupole doublet patterns, in which all of the parameters were varied, led to reasonable relative intensities as shown in Table 6 , but the AE, values are erratic varying well outside the ranges shown in Table 3 and, therefore, rendering the fits unacceptable in terms of their deconvolution into a pyrite and a marcasite component. Because of the success of fitting either two independent lines or a single area-symmetric quadrupole doublet to the spectrum, it is not surprising that the two quadrupole doublets fits failed.
These results are consistent with those reported in a detailed study of the fitting of overlapping patterns in Miissbauer spectra (Dollase, 1975) . For overlapping lines with equal widths and intensities and separations less than 0.6 of the value of the line width, it was found that the errors in all peak parameters (1) ' XpY and X, are the mole fractions of pyrite and marcasite, respectively.
are remarkably high. For the two, apparent peaks in a marcasite/pyrite mixture, the separations between the two, component pyrite and marcasite tines are 0.12 mm s-' for the higher velocity lines and 0.01 mm s-' for the lower velocity lines; both of these separations are much less than the 0.19 mm SC' required for a reliable deconvolution of the spectrum. Spectra of mechanical mixtures of pyrite and marcasite were also obtained at 77 K (as shown in Figs.  4 and 6) . First of all, we note in the simulated spectrum of Fig. 4b that the averaging of the pyrite and marcasite spectral components is even more complete at 77 K than at 298 K, inasmuch as the asymmetry in the spectrum is no longer visually obvious. The spectrum of a mechanical mixture shown in Fig. 6 is in good agreement with the simulated spectrum. The solid lines represent the fit of a single, area-symmetric quadrupole doublet. Fits of two independent lines are also satisfactory and results of a data-analysis procedure similar to that used for the spectra at 298 K are given in Tables 4 and 5 . The improved agreement between the fits of two independent lines and a single quadrupole doublet on going from the 298 K to 77 K is in accord with the decreasing difference in isomer shifts.
The two quadrupole doublet fits to the 77 K spectra are poorer than those to the 298 K spectra in good accord (Dollase, 1975) with the poorer resolution of the component pyrite and marcasite spectra at 77°K. The maximum deviation between the lines of pyrite and marcasite contributing to a given, convoluted line in the spectrum of the mixture has been reduced from 0.12 mm s-' at 298 K to 0.07 mm s-' at 77°K. A reversal in the relative intensities of the two quadrupole doublet fits compared to the known amounts of pyrite and marcasite present is noteworthy, cj: rows eleven and twelve in Table 6 .
The above results clearly show that the two "Fe MiSssbauer spectral components in mixtures of pyrite and marcasite are strongly averaged in the composite spectrum and a deconvolution is ambiguous. It follows that the MGssbauer parameters of the composite spectrum are, themselves, weighted averages of those of pyrite and marcasite and could be used to determine the relative amounts of pyrite and marcasite in the mixture. We have, therefore, adopted an approach for analyzing pyrite/marcasite mixtures in which the spectrum is treated as a single quadrupole doublet whose Mossbauer parameters are the weighted averages of those of the pure phases.
At 77 K, a least squares analysis of the relationship between the mole fraction, X,,, of pyrite and the electric quadrupo~e splitting of the mixture, A@, provided by the data in Table 4 , results in the following equation for the dependence of AEg on the pyrite concentration:
for which the multiple correlation coefficient squared, R*, is 0.984. If we use the data in Table 6 for pure pyrite and pure marcasite, the equation expected on the basis of the above-mentioned assumption of an averaged spectrum is AE$ = 0.11 6Xp., (mm s -') + 0.508 (mm s-l)
The fitted equation for the data at 298 K for which RZ is 0.99 is given below:
AE$ = 0.114X,, (mm ss') + 0.500 (mm s-')
provides some insight into the difficulties occasioned by measurements on small suites of samples. The average values for (AEo) and (6) at 298 K for pyrite computed from the data in Table 3 , excluding the first four entries, are 0.61 10 + 0.0020 mm s-' and 0.3 130 + 0.0070 mm s', respectively.
(AE,) and (6) at 298 K for marcasite are 0.5030 5 0.0070 mm s-' and 0.2779 Ifi 0.0020 mm SC', respectively. The most detailed investigation (Huffman and Huggins, 1978) of the Mbssbauer SpeCtK2 of pyrite in coals results in a range of values for AE, from 0.59 mm SC* to 0.63 mm s-l, clearly outside of the range of values found in this study for relatively pure samples of pyrite. The "best" values obtained in the abovementioned study (Huffman and Huggins, 1978) of 0.614 mm s-' for AE, and 0.303 mm so ' for fi are in good agreement with the results obtained in this study. These "best" values were, however, chosen primarily on statistical grounds regarding the quality of the spectrum and not on an independent analysis of the mineralogy and chemistry of the pyrite samples themselves.
An earlier report of a ~~ssbauer investigation of a sample from the same locality as pyrite 6P resulted in a AE, of 0.634 mm s--' and 6 of 0.299 mm s ' (Finklea et al., 1976) . These parameters values are not only in poor agreement with those of an apparThe equation expected on the basis of the parameters ently similar specimen, e.g., sample 6P, but are also for pure pyrite and pure marcasite listed in Table 3 outside of the range of parameters reported in Table   is the following: 3. The magnitude of the electric quadrupole splitting is higher and the isomer shift smaller, respectively, AEf = 0.111X,, (mm s-') + 0.504 (mm s-') (4) than any of those determined in this investigation. The present results on the suite of samples demon- chenko et al., 1978) , for either the Mossbauer parameters are in error or they suggest a very unusual chemistry or texture for the pyrite in question.
Pyrite and marcasite, as pure phases, can, with little question, be distinguished from each other by means of "Fe Miissbauer spectroscopy at 298 K almost without regard for the nature of the deposit in which they are found. A definitive statement cannot be made for pyrite and marcasite in coals at this time because adequate comparative data are lacking. However, unless the pyrites and marcasites in coals are indeed different in their crystal/chemical structures, a determination of whether the Fe& phase in coals is pyrite, marcasite, or a mixture of the two should be straightforward.
The range of values observed in this investigation for the Mossbauer parameters of pyrite and marcasite of different provenances is rather large. For pyrite, the range of values is 0.619 mm s-' to 0.604 mm ski for A& and 0.329 mm s-' to 0.310 mm s-' for 6 at 298 K. For marcasite at 298 K, the range of values is 0.5 15 mm s-' to 0.491 mm s-' for AE, and 0.282 mm s-' to 0.274 mm s-' for 6. When considered in the light of other iron-containing phases in coals, this spread in hyperfine parameters for pyrite and marcasite can, in principle, pose difficulties to a complete, nondestructive determination of the distribution of iron among different phases. The mineral contained in coal whose Mossbauer spectrum overlap most with those of the Fe& phases is illite (Huffman and Huggins, 1978) . There are several components in the 57Fe Mossbauer spectrum of illites but only one presents significant difficulties to deconvolution of the spectra of coals. This com~nent has been reported to have isomer shifts ranging from 0.32 mm s-' to 0.36 mm s-l and quadrupole splittings ranging from 0.49 mm s-l to 0.63 mm so' (Ericsson et al., 1977; Saporochensko et al., 1980) . A definitive Mossbauer investigation of well-characterized illites has not been reported and it is yet possible that the spectra of coals containing both illite and pyrite may be analyzed quantitatively.
For the moment, however, dilute hydrofluoric acid is effective in removing the component in the spectrum attributable to illite and an analysis of the pyrite/marcasite component is possible even when illite is present (Evans et af., unpub. results).
With some limitations, quantitative analysis of pyrite and marcasite in mixtures of the two is feasible with a time investment similar to that required for traditional X-ray diffraction analysis. The precision of the analyses is limited by the accuracy and precision with which the Miissbauer parameters of the pyrite and marcasite, as pure phases, are known. For these analyses, the electric quadrupole splitting is the more useful parameter. The variations in the electric quadrupole splitting caused by small differences in composition and other less-well defined mineralogical/geologicaI parameters limit the acquisition of quantitative data with errors less than approximately +5 per cent. Nonetheless, determinations of acceptable accuracy can be obtained. If we consider various combinations of extreme values of the quadrupole splittings for pyrite and marcasite, the maximum error for a 50:50 marcasite/pyrite mixture would be tl5 per cent. If the pyrite and marcasite are known to contain low concentrations of impurities, for example, <lo00 ppm of arsenic, then the error in the determination of the relative amounts of marcasite and pyrite in a mixture from a single quadrupoie doublet fit to the spectrum would not exceed llt5 per cent. The extent to which the unusual textures of pyrite and marcasite in coals would influence these results is not known. The spectrum of a synthetic vapor-deposited film has been published and parameters close to those of bulk pyrite samples were obtained (Seehra et al.. 1979) ; on the other hand, a preliminary report also suggested that the influence of particle size on the Miissbauer spectrum was significant ; but definitive 57Fe Mossbauer spectra of framboidal and other morphologically unusual pyrite and marcasite specimens have not been reported.
Examination of the data in Tables 1, 3 , and 7 shows that those samples which have abnormally high quadrupole splittings also contain significant concentrations of arsenic. In the absence of such impurities, the range of values for the 57Fe Mossbauer parameters of pyrite is considerably reduced; we have excluded the Mossbauer parameters of such samples, as noted above, from the computation of (LL!?~) and (6) for the suite of pyrite samples. The increase in the electric quadrupole splitting associated with the relatively high arsenic contents is of potential importance as it suggests that "Fe Mijssbauer spectroscopy of pyrite can be used to monitor the extent of arsenic solid solution in the pyrite lattice.
Appreciable concentrations of arsenic in pyrite have been shown to be associated with low formation temperatures (Ramdohr, 1969) and have been observed in pyrite framboids with the arsenic being incorporated into the pyrite lattice during its primary crystallization (Ostwald and England, 1979) . In a recent investigation of the distribution of arsenic in an Upper Freeport Coal, it was concluded that the (5) where AE,(p,r -As) is the quadrupole splitting of an arsenic-containing pyrite. AE,(I) is the electric quadrupole splitting of loellingite; AE,(p) is the electric quadrupole splitting of pure pyrite and X,s is the concentration in ppm of arsenic. We also note that AE, for FeAsS is surprisingly close to the average value of AE, for pyrite and loellingite though the linear perturbation model used here is certainly not expected to be valid at such high arsenic concentrations.
For pyrites in coals having arsenic concentrations in the higher range of those reported thus far (about 2 per cent) (Ostwald and England, 1979 ) the increase in the electric quadrupole splitting would be -0.02 mm s-'. This change in AE, is well within the experimental error with which the quadrupole splitting can be determined and indicates that the arsenic contents of pyrites can be estimated with an accuracy of Cl0 per cent on the basis of the Mossbauer parameters. Comparisons between the measured quadrupole splittings of pyrites in arsenic-containing coals and those calculated using Equation (5) would provide important insights into the distribution of arsenic among the various phases. This datum is very important and otherwise difficult to obtain (Minkin et al., 1980) . The effects of impurities, such as selenium and tellurium are expected to be much smaller than those of arsenic as the AE, values of the pure, end-member compositions do not differ greatly from those of pyrite; for instance, AE, is 0.649 mm 5~' for FeTez and 0.667 mm s-' for FeSez (Nishihara and Ogawa, 1974) . The isomer shifts for these two phases, 0.447 mm s-' and 0.527 mm ss', respectively, unlike those of FeAsz and FeAsS, are substantially different from that of pyrite, indicating significant differences in electronic structure. Metallic impurities such as nickel and cobalt would lead to quadrupole splittings of smaller magnitudes and larger isomer shifts than those in pure pyrite (Nishihara and Ogawa, 1979) . Therefore, the quantitative estimates of the arsenic content of pyrites having low levels of metallic impurities should be straightforward.
Complications arising from impurities such as nickel, cobalt, selenium, and tellurium would be readily indicated by an asymmetric spectrum at 298 K and proper care in analyzing the data could result, even in this case, in meaningful results. Verification of the above extrapolations by systematic measurements on arsenic, selenium, tellurium, nickel, and copper substituted pyrites prior to applying this methodology to coals would be desirable.
The "Fe electric quadrupole splittings of pyrite and marcasite show variations well outside of the range of experimental error and for pyrite appear to reflect variations in the concentration of impurity elements. As expected, the variations in the isomer shifts for both pyrite and marcasite are smaller than those for AE,. Preliminary results indicate that Mossbauer spectroscopy can be used to monitor the arsenic content of pyrite and, because of the special circumstances under which arsenic exhibits an appreciable so~ubility in pyrite, can provide critical insights into genetic investigations of coal deposits. Results of this investigation also demonstrate that "Fe Mossbauer spectroscopy can provide determinations of moderate accuracy of the relative amounts of pyrite and marcasite in mixtures of the two, The application of the above results to coals will, however, require further improvements in methodology because of the extreme overlap with the pyrite/marcasite pattern of the %e spectra resulting from clays and other more poorly defined iron-containing phases in coals.
Recent experiments on samples of Waynesburg coals, however, demonstrate that the relative concentrations of pyrite and marcasite in coal are readiiy determined using the methodology developed here, provided the non-Fe& iron is removed by HF leaching (Evans et al., unpub. results). In these experiments, the pyrite/marcasite ratio is readily determined using "Fe Mossbauer spectroscopy even though the presence of marcasite is not obvious in the X-ray diffraction pattern.
